Homologous recombination (HR) and DNA double-strand break (DSB) repair
DNA DSBs are induced by agents such as ionizing radiation (IR), and also arise during DNA replication when the DNA polymerase ensemble encounters obstacles such as DNA lesions or unusual DNA structures. Persistent or incorrectly repaired DSBs can result in chromosome loss, deletion, translocation, or fusion, which can lead to carcinogenesis through activation of oncogenes or inactivation of tumor-suppressor genes. Cells possess two main mechanisms for eliminating DSBs: nonhomologous end-joining (NHEJ) and HR. In NHEJ, DNA ends are simply religated, in a manner that requires limited or no sequence homology. Repair by NHEJ often leads to small deletions at the site of the DSB and is considered to be error-prone (Daley et al. 2005) . In contrast, HR is directed by extensive homology in a partner DNA molecule and is predominantly faithful, particularly if the sister chromatid is utilized as the information donor. In mitotic cells, NHEJ occurs throughout all phases of the cell cycle, whereas HR is largely restricted to the S and G2 phases when the sister chromatid is available to mediate the repair process (Krogh and Symington 2004; Daley et al. 2005) .
Not all DSBs are pathological in nature. For instance, DSBs are essential for V(D)J recombination in the immune system (Lewis 1994) . Programmed DSBs that occur early in meiosis trigger genome-wide recombination that serves to tie chromosome homolog pairs together, so as to allow for their orderly segregation in the first meiotic division (Petronczki et al. 2003) . Likewise, mating-type switching in budding yeast is accomplished by recombination initiated from a site-specific DSB at the MAT locus on chromosome 3 (Haber 1998) . A great deal of valuable information regarding HR mechanism has emanated from studies on meiotic recombination and mating-type switching in the budding yeast (Haber 1998; Neale and Keeney 2006) .
Recombinases and the presynaptic filament
The HR reaction is mediated by recombinases that catalyze the formation of hybrid joints of homologous DNA molecules. Two recombinases, Rad51 and Dmc1, exist in eukaryotes. Rad51 is crucial for both mitotic and meiotic HR events, whereas Dmc1 is expressed only in meiosis and its function is restricted therein. The catalytically active form of Rad51 or Dmc1 consists of a right-handed helical protein filament assembled on ssDNA; this recombinase-ssDNA nucleoprotein filament is often referred to as the presynaptic filament (San Filippo et al. 2008) . Once assembled, the presynaptic filament conducts a search for a homologous chromatid and catalyzes the invasion of the donor chromatid to form a DNA joint molecule called a displacement (D)-loop. Subsequent steps include DNA synthesis, resolution of DNA intermediates through one of several pathways, and DNA ligation to complete the repair process (Krogh and Symington 2004; San Filippo et al. 2008) .
DSB end resection in checkpoint signaling and presynaptic filament assembly
To provide the substrate for presynaptic filament assembly, DSB ends must first undergo extensive 5Ј-to-3Ј end resection to generate 3Ј ssDNA tails (Fig. 1) . Studies in yeast and other organisms have provided evidence that in mitotic cells, such tails are first engaged by the ssDNA-binding protein replication protein A (RPA), and that the RPA-coated ssDNA plays a key role in DNA damage checkpoint activation by recruiting the PI3 kinase ATR (Mec1 in yeast) through its associated protein ATRIP (Ddc2 in yeast) (Cortez et al. 2001; Zou and Elledge 2003) . The ATR/Mec1-mediated phosphorylation of downstream effector proteins, such as Chk1 (Liu et al. 2000) , leads to the induction of cell cycle arrest and thus facilitates DNA damage repair. For homologous repair to occur, RPA must be displaced to allow for the loading and polymerization of Rad51. Accessory proteins, collectively known as recombination mediators, help dislodge RPA from the ssDNA tails. Several recombination mediators, including the breast tumor suppressor BRCA2 and Saccharomyces cerevisiae Rad52, have been identified (San Filippo et al. 2008) .
Lessons from bacterial studies
In Escherichia coli, there are two known pathways that contribute to DNA end resection. The RecBCD complex functions in the major resection pathway, with the minor pathway being dependent on the RecQ-RecJ pair (Spies and Kowalczykowski 2005) . The RecB subunit of the RecBCD complex harbors both helicase and endonuclease activities, and the RecD subunit also possesses a helicase activity. RecC recognizes a specific sequence in DNA (5Ј-GCTGGTGG-3Ј) called , and serves a scaffolding function in protein complex assembly. RecBCD engages a DNA end and, through the combined action of the RecB and RecD helicase activities, rapidly separates the two DNA strands in preparation for strand cleavage by RecB. The DNA unwinding and strand scission properties of the RecBCD complex are modulated by the sequence so as to favor the generation of a 3Ј ssDNA tail for the nucleation of the bacterial recombinase, RecA (Anderson and Kowalczykowski 1997) . In the RecQ-RecJ pathway of DNA end resection, the RecQ helicase separates DNA strands from an end, and the ensuing digestion of the 5Ј DNA strand by the 5Ј-to-3Ј exonuclease activity of RecJ leads to the accumulation of 3Ј ssDNA (Shereda et al. 2007 ).
Role of the Mre11-Rad50-Xrs2 (NBS1) complex in DSB processing
Genetic studies in yeast have long implicated the highly conserved Mre11-Rad50-Xrs2 (MRX) complex in the sensing, processing, and repair of DSBs. In humans, hypomorphic mutations in MRE11 and NBS1 (the human Xrs2 equivalent) are associated with the cancer-prone diseases ataxia-telangiectasia-like disorder (ATLD) and Nijmegen breakage syndrome (NBS), respectively. The Mre11 protein has a 3Ј-to-5Ј exonuclease activity and a DNA structure-specific endonuclease activity (Paull and Gellert 1998; Trujillo et al. 1998; Trujillo and Sung 2001) . A role for the MRX complex in DSB end processing was first suggested by the finding that unresected meiotic DSBs accumulate in yeast strains expressing a RAD50 separation of function mutant, called rad50S (Cao et al. 1990 ). In vegetative cells, null mutants of any of the three MRX subunits are hypersensitive to DNA damaging agents, but the resection of DSBs, albeit delayed, still occurs (Ivanov et al. 1994; Bressan et al. 1999; Moreau et al. 1999; Llorente and Symington 2004) . The function of the MRX(N) complex is dependent on the yeast Sae2 protein and its human ortholog CtIP (Lengsfeld et al. 2007; Sartori et al. 2007) . Two new studies, by Mimitou and Symington (2008) and Zhu et al. (2008) , have helped elucidate the role of the MRX-Sae2 ensemble in DNA end resection in yeast cells. With the use of strand-specific probes, these investigators have furnished evidence for a role of MRX-Sae2 in the initial resection of DSBs to yield 3Ј ssDNA, and that it does so in increments of 100 or so nucleotides (Mimitou and Symington 2008; Zhu et al. 2008) . Complementary evidence that MRX(N)-mediated DSB processing generates short ssDNA fragments has come from studies done in Xenopus extracts (Jazayeri et al. 2008) . By chromatin immunoprecipitation (ChIP) and cytological analyses, it has been concluded that MRX associates only in a transient fashion with regions proximal to DSBs (Lisby et al. 2004; Shroff et al. 2004; Zhu et al. 2008) , which could explain why the involvement of MRX in end resection is apparently limited to the immediate vicinity of the breaks ( 
Involvement of Exo1 in end resection
Exo1, an evolutionarily conserved protein that possesses 5Ј-to-3Ј dsDNA exonuclease and 5Ј flap-endonuclease activities (Fiorentini et al. 1997; Tishkoff et al. 1997; Tran et al. 2002) , participates in DNA repair, HR, DNA damage signaling, and telomere maintenance (Nakada et al. 2004; Tran et al. 2004 ). The exo1⌬ mutation alone causes a subtle defect in end resection of DSBs, but it does not prevent mating-type switching, nor does it engender any sensitivity to IR (Moreau et al. 2001; Llorente and Symington 2004) . Interestingly, in a mre11-null mutant background, exo1⌬ has a synergistic effect for IR sensitivity, and the double mutant cells exhibit slow growth, reduced HR capacity, impaired DNA damage signaling, and delayed mating-type switching (Tsubouchi and Ogawa 2000; Moreau et al. 2001; Nakada et al. 2004; Llorente and Symington 2004) . Moreover, overexpression of EXO1 can partially suppress the IR sensitivity of mre11-, rad50-, and xrs2-null mutants, and this Exo1 attribute is dependent on its nuclease activity (Tsubouchi and Ogawa 2000; Moreau et al. 2001; Lewis et al. 2002) . In two of the newly published studies (Mimitou and Symington 2008; Zhu et al. 2008) , the physical analysis of DSB end resection at the budding yeast mating-type locus and examination of a specialized type of direct repeat recombination that is indicative of the extent of end resection have provided direct evidence that Exo1 resects DSB ends that have been processed initially via MRX-Sae2. Taken together, it is clear from these results that Exo1 contributes actively to DSB processing. However, because end resection still occurs in the mre11⌬ exo1⌬ double mutant, albeit at a slow rate, there must be another resection mechanism that works in redundant fashion to Exo1.
Sgs1/Dna2-dependent pathway of end resection
As summarized above, genetic evidence indicates the existence of an Mre11-and Exo1-independent means of DSB end resection in yeast. The identity of this novel mechanism of end resection is revealed in a study published in the October 15, 2008, issue of Genes & Development by Gravel et al. (2008) and in related works by Mimitou and Symington (2008) and Zhu et al. (2008) . Given that DNA end resection in bacteria proceeds through DNA unwinding mediated by a DNA helicase (either RecBD or RecQ) before nucleolytic scission, the authors of these new studies asked whether Sgs1, the RecQ ortholog in S. cerevisiae, plays a role in this regard. Importantly, they found that in an exo1⌬ background, deletion of the Sgs1 helicase leads to a pronounced hypersensitivity to DNA damaging agents, an inability to mount the Mec1-dependent DNA damage checkpoint, a substantial increase in genomic instability, and an impairment of HR. Results from the physical analysis of DSB end resection and examination of recombination between direct repeats revealed that little end resection beyond the initial processing mediated by the MRX-Sae2 ensemble occurs in the exo1⌬ sgs1⌬ double mutant, and the use of catalytically null mutants helps establish the requirement for the Exo1 nuclease and Sgs1 helicase activities.
In their further attempt to identify the nuclease that works with Sgs1, Zhu et al. (2008) have tested a possible involvement of Dna2, a conserved protein that possesses both 5Ј flap-endonuclease and DNA helicase activities and that is recruited to DSBs in yeast cells. Dna2 is involved in Okazaki fragment processing (Budd and Campbell 1995; Bae et al. 2001) , and several hypomorphic dna2 mutants are sensitive to DNA damage induced by IR and by the DNA methylating agent methylmethane sulfonate (Formosa and Nittis 1999; Budd et al. 2000) . The latest results of Zhu et al. (2008) show convincingly that cells simultaneously lacking Exo1 and Dna2 are strongly impaired for DNA end resection and, importantly, Dna2 appears to work in conjunction with Sgs1 in this regard.
Evolutionary conservation
In order to examine whether the pathways of DSB end resection are conserved in humans, Gravel et al. (2008) used siRNA to deplete the EXO1 protein and the Sgs1 ortholog BLM, which is mutated in the cancer-prone Bloom syndrome. The investigators then treated the cells with camptothecin to induce DSBs during S phase and monitored RPA focus formation as an indicator of ssDNA accumulation. While depletion of either BLM or EXO1 alone is accompanied by a modest reduction in RPA foci, simultaneous depletion of both proteins leads to a further drop in the frequency of these foci. Moreover, using phospho-specific antibodies against specific ATR phosphorylation sites of RPA and Chk1, Gravel et al. (2008) found that activation of the ATR signaling pathway is impaired in BLM/EXO1-depleted cells, with a concomitant increase in the cellular sensitivity to camptothecin. These results thus provide good evidence for the conservation of DSB processing pathways in human cells.
Model for DSB processing
The results from the three new studies (Gravel et al. 2008; Mimitou and Symington 2008; Zhu et al. 2008) provide valuable insights from which we can begin to formulate a mechanistic model for understanding the intricacy of DSB end processing in yeast cells. In this model (Fig. 2) , DSB ends are first engaged by the MRXSae2 ensemble, which catalyzes a limited amount of DSB end resection. The 3Ј-tailed DNA ends are then rapidly processed by either the Sgs1-Dna2 complex or Exo1, to yield long 3Ј ssDNA tails. Importantly, these pathways of DNA end resection are likely conserved in human cells (Gravel et al. 2008 ).
Some future questions
The identification and characterization of the genetic pathways that promote DSB processing set the stage for DNA break resection in eukaryotes
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Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from dissecting the biochemical mechanisms of these pathways. For instance, one would like to know whether Sgs1 and Dna2 function together as a complex in end resection and, if so, whether it requires post-translational modifications of these proteins or other bridging factors. It also seems important to ask whether there is functional cross-link among the three end resection pathways, and if these pathways cooperate to process meiotic DSBs made by the conserved topoisomerase-like protein Spo11 (Neale and Keeney 2006) . Sae2 also harbors a nuclease function (Lengsfeld et al. 2007 ), but the relevance of this Sae2 attribute in the initiation of DSB processing remains to be elucidated. 
